Genetically modified (GM) crops and sustainable development remain the foci of much media attention, especially given current concerns about a global food crisis.
the debate is the unavoidable fact that world population is increasing by c.81 million people per year and is set to increase from the current 6.6 billion to at least 9 billion by 2050 (various estimates are reviewed by O'Neil and Balk for the Population Reference Bureau, 2001 ; see also Department of Economic and Social Affairs, 2007) .
This increase plus enhanced demands for meat and meat products is already intensifying pressure on existing agricultural systems and provides impetus to create agricultural land from natural ecosystems, especially in the tropics and sub-tropics.
Neither prospect is welcome and adequate food production in ensuing years will be a challenge; sustainable food production will be an even greater challenge. A further important element in this debate, especially in the context of global warming, is the maintenance of carbon storage in forest, savanna and grassland ecosystems, and their protection against further destruction because of their vital role in biogeochemical cycling and carbon storage (Mannion, 2002 (Mannion, , 2007 . (Table 1 ). The relative lack of adoption in Europe is noteworthy and is primarily due to a strong anti-GM lobby. Yet the capacity to enhance beneficial traits which can be transmitted to the progeny appears at first glance to be ideal for sustainability. For example, yields (i.e. amount of product harvested per area of land) can be substantially reduced by insects and diseases. Farmers may have little choice but to limit this damage by using pesticides, and for small farmers in the tropics this typically involves the use of knapsack sprayers and no protective clothing.
Consequently, farmers not only have to absorb the economic costs of spraying but they also have to cope with the damage that pesticides can cause to their own health and that of their families as well as the environment. Genes which confer inherent resistance to pests or diseases would effectively diminish or even eliminate the need for pesticides. GM offers a real possibility of improved productivity on land already cultivated, thereby reducing the need for the conversion of natural ecosystems to agriculture. <Table 1 near here> However, multinational GM seed producing companies have a monopoly over seeds via patents and thus control prices. Other concerns include the role of the state in the regulation of GM crops and the control of GM seed, and problems of technology transfer between developed and developing nations and how such exchange should be financed. Far from encouraging sustainable development GM could exacerbate the gap between those who have and those who have not. Indeed GM crops have the potential to cause further loss of natural ecosystems just as they might contribute to conservation (Mannion, 1998 (Mannion, , 2006 . GM crops have been cultivated since 1996 and new developments are rapidly occurring. Given that GM companies are primarily in business for profit, their main focus is the richer markets. However, it can be difficult to determine the benefits for resource-poor subsistence farmers in the global South. This is a grey area of the GM debate for which there is growing but still limited evidence. This paper will address this question by reviewing the economic impact of a specific GM technology, insect resistance in cotton, in the developing world. The paper reviews the evidence to date, and provides specific examples within the context of sustainability for resource-poor cotton farmers in the Republic of South Africa; the first African country with commercial release of GM crops. Although the case study involved only one form of GM trait it provides valuable insights into the impact of a GM crop for resourcelimited farmers.
GENETIC MODIFICATION
GM can be employed in a variety of fields, but arguably the greatest advances have been made in agriculture (Heaf, 2005; Singh and Jauhar, 2006; Monsanto, 2001 ).
Research has focussed on the identification of genes and gene components which control various characteristics such as drought tolerance, flavour, colour, resistance to pests etc (Slater et al, 2007) . Foreign genes or their components, may be introduced into crop plants from related or entirely different species. It is also possible to introduce more than one GM characteristic. Such crops are described as having stacked genes (Syngenta, 2007) . Examples include GM crops having both engineered herbicide and insect resistance. The financial value of GM crops is considerable.
According to James (2006) the total value for all GM crops in 2006 was $6.15 billion or 16 % of the global crop protection market and 21% of the global commercial seed market. Of the $6.15 billion, GM cotton accounted for $0.87 million or 14%. Three examples of GM-derived characteristics important today are herbicide resistance, insect resistance and nutritional enhancement.
Herbicide resistance has been engineered by introducing genes which confer the ability to degrade specific herbicides. Two groups of crops are available: Roundup Ready crops which can degrade the broad-spectrum herbicide glyphosate and Liberty Link crops which can degrade glufosinate. The former group carry the gene coding for a glyphosate-insensitive form of the enzyme 5-enolpyruvylshikimate 3-phosphate (EPSP) synthase which derives from the bacterium Agrobacterium sp. strain CP4 (Funke et al., 2006) . Glyphosate normally works by blocking this important enzyme in plants which results in death. If a crop plant has a form of the enzyme which is insensitive to the herbicide then it will be unaffected while the weeds die. The tolerance of Liberty Link crops is due to introduced genetic material from another bacterial group, the Streptomyces (Block et al, 1987; Thompson et al, 1987) . The advantage of herbicide resistance is that crops can be sprayed to eliminate weeds without impairment of the crop itself.
A second example involves the insertion of genes from the bacterium Bacillus thuringiensis (Bt) into crops to enable the production of a crystal protein with insecticidal properties (Metz, 2003) . The rod-shaped aerobic bacterium was first discovered by Shigetane Ishiwatari, a Japanese biologist, in 1901 when he was investigating causes of death in silkworms. Ernst Berliner rediscovered it in 1911 and named it Bacillus thuringiensis (after the town of Thuringia). Berliner also discovered a crystal protein in Bt though it was to be another 50 years before the significance of the crystal protein was realised (Knowles, 1994 A third example of GM is that of Golden Rice, a bio-fortified rice engineered to produce a high level of vitamin A. Vitamin A deficiency occurs in millions of people, especially children, in parts of Africa and Asia, who are thus vulnerable to blindness.
Golden Rice is one solution to this problem, especially as rice is the staple diet of at least 1.6 billion people. The production of Golden Rice involves genetic modification of the indigenous rice gene which codes for beta-carotene (the precursor of vitamin A)
in rice leaves to produce it in the grain. A second step involves the addition of gene components from other species including the daffodil and the soil bacterium Erwinia uredovora to further enhance beta-carotene production (Golden Rice Project, 2007; Potrykus, 2001; Sakakibara and Saito, 2006) . However, the adoption of Golden Rice has been painfully slow due to anti-GM lobbies and the introduction of regulatory hurdles (Enserink, 2008) . Nevertheless nutrition improvement remains the goal of many GM programmes focussed on crop attributes which range from productivity improvement to vitamin and micro-nutrient availability (Sauter et al., 2006) .
Since 1996 Included in 'all costs' is pesticide, labour, fertilizer, planting material, running costs of machinery etc. These are variable costs and yield tends to increase as variable costs increase, albeit within the limits of diminishing returns. However, while revenue is relatively straightforward to identify, the problem lies in calculating costs.
Some studies include labour while others do not, and while labour may be included for some activities it may be omitted for others. Also, while hired labour can readily be costed there are complications with household labour. Some discount household labour as effectively free, but this is not strictly correct as it does not take into account the opportunity cost. Modes of data collection in Bt impact studies also differ.
Several early studies relied heavily on data derived from experimental plots which researchers established and managed on farmers' land, but critics were quick to label such work as unrepresentative and potentially biased. Other studies avoided this problem by focussing on plots owned and managed by farmers. Such methodological variations make comparison between studies difficult, even if the work has been carried out in the same country.
Data analysis from such studies has typically employed multiple regression, with yield as the dependent variable and the various inputs as independent variables.
However, even if data are available the studies are typically focussed on gross margin assessed over a short time period, possibly a single or a few growing seasons. They provide snapshots rather than a long-term picture, and fail to answer key questions about the sustainability of an increase in gross margin. Moreover, such studies have not tended to ask how any extra income or labour savings have been used by farming households.
To provide insights into these questions the research conducted on the impacts of Bt Figure 5 ). Makhathihi cotton production was relatively low with yields of 600 kg/ha or less prior to the introduction of Bt varieties, the biggest constraining factor being the lack of irrigation especially as the area is vulnerable to drought. Pest attack is a further problem. Farmers combat pest attack with insecticides, usually applied with a knapsack sprayer, though this is costly and arduous. In addition to spraying, the necessary water often has to be transported from a distance of up to 10 kilometres (Ismael, et al, 2002b ). (second year), and thus relied on memory recall for 1998/99.
The second study was designed to complement the first (Bennett et al, 2003 (Bennett et al, , 2006a Morse et al, 2004 Morse et al, , 2005c Shankar et al, 2007, in press Therefore gross margin in these studies is not strictly comparable (Table 2 ). In study 1 the gross margin did not take into account any labour costs, while in study 2 only the labour costs recorded by Vunisa were included (i.e. the labour for which farmers had taken out credit). The third study provides the most complete picture because all labour (family, help etc) was costed at the equivalent daily rate for that task. Indeed this is a microcosm of some of the issues raised above with regard to the studies summarised in Figure 4 . These are seed, insecticide and labour, i.e. spraying, weeding and harvesting. Not all labour activities are included (e.g. land preparation and planting), but these are the activities where differences were noted. In Studies 1 and 2 the cost of Bt seed is higher than non-Bt, and seed cost is a significant proportion of overall cost, but insecticide costs are lower for Bt plots. The labour picture is mixed. In study 2 the Bt plots clearly use less labour for spraying than non-Bt plots, as obviously less insecticide is required, but have increased harvesting labour costs as yields are higher.
Weeding labour costs are much the same for Bt and non-Bt, as might be expected.
Generally, the extra seed and harvest labour costs are reclaimed through reduced expenditure on insecticide and spraying so that the overall costs of growing Bt and non-Bt cotton are comparable.
A significant feature of Figure 7 is the implication that insecticide costs per hectare In relation to gross margin the benefits of higher Bt-cotton revenues with costs that are approximately the same as growing non-Bt results in Bt plots having a higher gross margin than non-Bt. This differential of between 387 SAR/ha (1999/00) and 1,090 SAR/ha (2000/01) was statistically significant for Studies 1 and 2, but in both studies it is probably overestimated given that only some labour costs were included.
In the third study no comparison between Bt and non-Bt plots was possible. However, it is pertinent that the gross margin of Bt cotton at SAR 1,200 per hectare was considerably higher than that recorded for any of the non-Bt plots in studies 1 and 2.
Thus while each study had limitations collectively the picture is convincing, i.e. But what do farmers use this extra income for?
Bt COTTON AND LIVELIHOODS
In the third Makhathini study the farmers were also interviewed about the uses made of any additional income from Bt cotton (Morse and Bennett, 2008) . Some descriptive statistics for the sample of 100 respondents are given in Table 4 . The sample comprised 37% male and 63% female, reflecting the gender proportion in the area, while the average age of respondents was 47.6 years. Each household comprised an average of 8.6 members, of which 2.5 were male adults and 2.7 female adults. Respondents had on average 7.2 years of cotton farming experience, and some 74% of the total land owned by a household was under cotton cultivation. Esiphondweni and 86% to 93% for Hlokoloko. According to the heads of both schools the increased ability of Bt growers to pay school fees meant that children attended school more frequently. However, a downside is that increased yields of Bt mean that children were more likely to be absent from school at harvesting time.
<Figure 10 near here>
DISCUSSION
Increases in income from Bt cotton are certainly positive, and evidence suggests that households use the income constructively by investing in physical and human assets.
Could this just be a short-term benefit? Are these benefits sustainable? Zimdahl (2005) In this context GM crops are not sustainable in some places such as Europe as they
are not yet "socially acceptable" or "politically achievable", but would appear to be so in several countries, including South Africa. But they must also remain economically viable and environmentally sound. What does the evidence from the studies in Makhathini say about these aspects?
If a reduction in pesticide is seen as important for sustainability (Rigby and Cáceres, 2001 ) then Bt cotton is a positive move in the right direction. However, given the time period of only 5 years covered here it is impossible to make a definitive statement regarding the sustainability of Bt cotton in Makhathini. There is no evidence for gene escape into wild relatives of cotton; nor is there any evidence that the Bt-based resistance is any more or less susceptible to breakdown than resistance derived through conventional breeding. To date and despite more than 500,000 squares miles of Bt-engineered crops worldwide there has yet to be a demise of Bt-based resistance with the possible exception of the diamondback moth (Plutella xylostella; Gujar et al., 2007) . Li et al (2007) predict that Bt-based resistance could break down in China in 11 to 15 years if no preventative measures are taken. Why the Bt resistance is so durable given the extent of the selection pressure placed on the pest remains enigmatic (Biello, 2006) .
Is the livelihood impact of Bt cotton different from that of other technologies that would enhance agricultural income? The same benefits would presumably have accrued if a new non-GM bred variety of cotton had been introduced with resistance to bollworm. Frankly, whether the resistance derives from a bacterial source or conventional breeding would not be an immediate issue for Makhathini farmers.
What they recognise are the gains from growing Bt cotton, and its rapid adoption is testament to its popularity. Indeed, perhaps the greatest threat to livelihood sustainability in Makhathini is the reliance on income from cotton. In effect the companies (Vunisa and more recently NSK) have a monopoly and farmers relying on cotton have little choice. This, however, was the case prior to Bt's introduction and has not been caused or exacerbated by that technology. Bt seed does cost significantly more than non-Bt seed and critics have identified debt problems due to crop or market failure (Biowatch, 2004; Grain, 2005) . One complication in this scenario is that Vunisa did not begin offering credit when Bt cotton was introduced.
Thus while the Biowatch/Grain point is valid it is important to note that this vulnerability would equally apply to increasing costs of any input, including a rise in non-GM cotton costs. Non-GM based resistant crop varieties have existed for many years, and many have shown a breakdown of resistance to pests and pathogens. That danger is certainly not unique to Bt cotton. While pesticide reduction is to be welcomed it could conceivably have been achieved, albeit at much greater cost and longer time spans, with non-GM methods to arrive at plant resistance to pests. Bt cotton may have become a popular variety and crop diversity may have declined as a result, but that is also far from being a new phenomenon which GM has introduced.
The range of characteristics which GM can create is much wider than the Bt example given here, and that makes generalisations difficult. GM crops elicit responses ranging from claims of miracle products which alleviate poverty at a single stroke at one end of the spectrum through to the opinion that they will devastate agriculture and the environment. The reality lies between these extremes. GM crops are not miracle products re poverty alleviation, but nor is there evidence that they will cause the scale of damage associated with indiscriminate use of pesticides and fertilizer or indeed with the removal of hedgerows and woodlands to produce larger field sizes. For some GM antagonists, perhaps even the majority, any debate is irrelevant as they consider the transfer of genes between species as unnatural and unethical. For them GM crops will never be acceptable however intense pressures become to increase world food production. Figure 10. Main constraints and perceived benefits to growing cotton as perceived by the respondents (after Morse and Bennett, 2008) 
